Etoposide is an antineoplastic agent used for treating lung cancer, testicular cancer, breast cancer, pediatric cancers, and lymphomas. It is a pollutant due to its mutagenic and carcinogenic potential. Disposal of waste from this drug is still insufficiently safe, and there is no appropriate waste treatment. Therefore, it is important to use advanced oxidative processes (AOPs) for the treatment and disposal of medicines like this. The use of strontium stannate (SrSnO 3 ) as a catalyst in heterogeneous photocatalysis reactions has emerged as an alternative for the removal of organic pollutants. In our study, SrSnO 3 was synthesized by the combustion method and characterized by X-ray diffraction (XRD), Raman, UV-Vis, and scanning electron microscopy (SEM) techniques, obtaining a surface area of 3.28 m 2 g −1 with cubic and well-organized crystallinity and a band gap of 4.06 eV. . The results showed that the degradation processes using SrSnO 3 combined with H 2 O 2 (0.338 mol L ), compared with TiO 2 , which obtained a mineralization rate of 72.41% (± 6.95 × 10-3). After photodegradation, the degraded solution showed no toxicity to zebrafish embryos through embryotoxicity test (OECD, 236), and no genotoxicity using comet assay and micronucleus test.
Introduction
Drugs have marked a revolution in public health activities, reaching a prominent place in contemporary therapeutics (McEneff et al. 2014) . Media incentive and the ease of acquisition made their use routine, generating an accumulation of these products in, households, while the residents are ignorant of the risks inherent to their storage and maintenance (Cabeza et al. 2012; Verlicchi et al. 2010) and unaware that improper disposal practices can cause environmental and public health damage. The casual discard of expired drugs, especially those with antineoplastic agents, may have as a consequence prominent environmental impacts, affecting several ecosystems (Hernando et al. 2006 ) and generating health risks, been cited as one of the major problems of modern society (McEneff et al. 2014; Ma et al. 2015; Oller et al. 2011; Cabeza et al. 2012) .
Antineoplastic agents are used for the treatment of cancer, the second leading cause of death in Brazil, with an estimated 600,000 cases in 2018 (INCA 2018) . The compounds present in these drugs are designed to be persistent; they must maintain their chemical characteristics throughout the time necessary to serve their therapeutic purpose (Lutterbeck et al. 2015; Araceli et al. 2010 ). This class of drugs deserves special Toxicological study of the degradation products of antineoplastic agent etoposide in commercial formulation treated by heterogeneous photocatalysis using SrSnO 3 attention, since it has carcinogenic, genotoxic, and mutagenic effects even expired after their expiry date and even in very low concentrations (Lutterbeck et al. 2015; Araceli et al. 2010; Ocampo-Pérez et al. 2010; Yurdakal et al. 2007 ; Buerge et al. 2006) . This makes them environmentally important compounds. Due to the variety of neoplasms, a large number of antineoplastics are used for chemotherapy, including etoposide (Lutterbeck et al. 2015; Nussbaumer et al. 2011; Araceli et al. 2010) . Etoposide is a semi-synthetic derivative of podophyllotoxin, a compound extracted from the roots and rhizomes of Podophyllum peltatum and Paeonia emodi. The structure and chemical formula C 29 H 32 O 13 are shown in Fig. 1 . It is a cytotoxic drug whose mechanism of action is the inhibition of the topoisomerase II enzyme (Stahelin and Vin 1991) . Etoposide is widely used in chemotherapy for a variety of tumors, including lung, testicular, gastric tract, ovarian, retinoblastoma, and leukemia (Stahelin and Vin 1991; Solano et al. 2012) .
The control of disposal and storage for most expired drugs is still insufficient, and the lack of appropriate waste treatment is a complex challenge (Ocampo-Pérez et al. 2010; Araceli et al. 2010) . Thus, there is a need to explore processes and the most effective techniques for wastewater treatment. Advanced oxidative processes are useful in removing pollutants as they have shown satisfactory results in the removal of some organic compounds with high toxicity that are harmful to the environment, such as antineoplastic agents (Lutterbeck et al. 2015; Cavalcante et al. 2013; Ocampo-Pérez et al. 2010; Araceli et al. 2010) .
Although the use of TiO 2 as a catalyst in AOPs is well described and known in the literature, it is necessary to search for new materials with photocatalytic properties that can be used in the treatment and removal of organic pollutants. Perovskites, a class of mixed oxides which have optical, electrical, and magnetic properties, have been explored as an alternative material with interesting photoluminescent and photocatalytic properties, making them a promising photocatalyst for AOPs (Junploy et al. 2013; Wang et al. 2007; Sales et al. 2014; Peña and Fierro 2001; Lee et al. 2012) .
SrSnO 3 is a distorted orthorhombic perovskite, due to distortion in the SnO 6 octahedrons. This distortion promotes specific properties, which enable its application as a thermal stable capacitor, humidity and gas sensor, and as photoluminescent and photocatalytic material (Sales et al. 2014; Junploy et al. 2013; Lee et al. 2012; Zhang et al. 2006) .
Although its use has grown, SrSnO 3 has not been investigated as a catalyst for degradation reactions of antineoplastic agents. Therefore, it is important to study and develop a methodology for applying SrSnO 3 as a catalyst, aiming for the degradation and total mineralization of these drugs, due to their high toxicity. Their complete elimination is necessary to reduce the problems arising from pollution and exposure, even in low concentrations. In the present study, the degradation of etoposide was investigated using the following AOPs: UV irradiation combined with H 2 O 2 (UV/H 2 O 2 ), heterogeneous photocatalysis (UV/H 2 O 2 /SrSnO 3 ), and direct photolysis. The assessment of toxicity is very important in AOPs, since degradation products can be generated, in some cases with higher toxicity than the initial product. The present study of toxicity was carried out using the fish embryo toxicity test (FET), comet assay, and micronucleus.
Materials and methods

Synthesis of SrSnO 3
SrSnO 3 was prepared by the combustion reaction, following the methodology described by Lobo et al. (2015) . Strontium nitrate (Sr(NO 3 ) 2 , Synth 99.9% purity) and tin chloride pentahydrate (SnCl 4 ·5H 2 O Vetec 99.9% purity) were dissolved separately in distilled water and a solution of (2 mol L −1 ), respectively. Both solutions were mixed, heated to 100°C, and kept under constant magnetic stirring. Urea (Sigma-Aldrich, 98% purity) was then added. The molar stoichiometric ratios for Sr/Sn and Sr/urea were 1:1 and 1:4, respectively. The final solution was subjected to heating in a preheated oven (500°C) for 60 min to promote a combustion reaction. The precursor powder was disaggregated and calcined at 800°C for 150 min, using 10°C min −1 as the heating rate and inertial cooling. After calcination, the samples were washed with an acetic acid solution (0.5 mol L −1
) and then with distilled water several times. The final product was filtered and dried at 70°C for 360 min.
Characterization
Powder was characterized with an XRD (Bruker D8 Focus diffractometer operating with Cu K α , λ = 1.540619 Å) and Raman spectroscopy (Renishaw spectrophotometer, inVia Raman Microscope-with Ar laser source, operating at 20 mW and 514.5 nm, one scan, exposure time 10,000 s), SEM (JEOL, model JSM 7001-F), UV-Vis diffuse reflectance spectroscopy (Varian Cary 5000 UV-Vis NIR, using BaSO 4 as reference-using the Tauc method (Tauc 1966 ) and specific (Cole Parmer, MasterFlex L/S model). The aliquots were collected hourly during the degradation experiment period and filtered through a nylon syringe microfilter (0.45-μm pore size, 13-mm diameter, Allcrom). These aliquots were analyzed with a Shimadzu TOC-L CPH/CPN (limit of detection 1 μg L −1 ). Residual peroxide was determined using ammonium metavanadate (Nogueira et al. 2005) , and residual absorbance H 2 O 2 was measured in a UVVis at 452 nm. The catalyst reuse was evaluated by cycling the experiments up to three times. The catalyst was washed with distilled water several times, vacuum filtrated, and then thermally treated at 600°C to remove residual organic material.
Photodegradation procedures
Evolution of toxicity
Toxicity studies were performed using zebrafish embryos and adults from the facility of the Toxicological Genetics Laboratory (G-Tox) in the Institute of Biological Sciences at the University of Brasília. Adult zebrafish (Danio rerio) (6 months old) were maintained in a ZebTec housing system (Tecniplast Buguggiate, Varese, Italy) under controlled temperature (27°C), pH (7.5), conductivity ( ) and treated solution (residual), with seven dilutions (75, 50, 25, 10.1, 0.1, and 0.01%) were used in both studies. Exposures of adults were conducted in duplicate with six animals per tank of 6 L for 96 h in a static system. A nontreated control group was also included. All experiments used water from the ZebTec housing system. All physicochemical parameters (including the light/dark cycle) were monitored daily and kept constant during the exposures. At the end of the experiments, no mortality was observed and all fish were euthanized by immersion in an ice water bath. Peripheral blood samples were drawn with a heparinized syringe for comet assay and micronucleus test. For the embryotoxicity test, eggs were distributed into 24-well microplates: 20 wells were filled up with 2 mL of the test solution and 4 wells with water (internal plate control, as required in the OECD guideline). This test was initiated immediately after fertilization and was continued for 168 h. Embryos and larvae were observed daily under a stereomicroscope. Developmental parameters were evaluated on embryos over the test period using a magnification of × 70 for eggs and × 40 for hatched embryos. Before hatching, the following parameters were evaluated: egg coagulation, otolith formation, general delay in development, eye and body pigmentation, somite formation, heartbeat, edemas, detachment of the tailbud from the yolk sac, yolk sac absorption, and hatching. After hatching, spine malformation and posture were also evaluated. All parameters were assessed and quantified as observed or not observed. Both studies had been previously approved by the institutional Animal Care and Use Committee (Institute of Biological Sciences, University of Brasilia), protocol number 82675/2011. Adult fish were exposed to an etoposide commercial solution (0.4 mg L −1 ) for the following bioassays: Comet assay carried out according to Kosmehl et al. (2008) ; in the test analysis, 100 cells per fish were counted and then analyzed with a fluorescence microscope (ZEISS Axioskop 2 -HAL 100), were counted, stained with ethidium bromide (20 μg mL −1 ), and then analyzed. The cells were then classified according to the type of damage undergone (0, 1, 2, 3, and 4), using Comet IV software to calculate tail length. Micronucleus test, carried out according to Fenech et al. (2003) , from peripheral blood samples were smeared on clean glass slides, dried at room temperature, fixed in ethanol for 7 min, and stained by Giemsa (5%). The slides were evaluated under a blind code; 3000 erythrocytes were microscopically scored for each sample at × 1000 of magnification (1500 erythrocytes per slide). The criteria for the identification of micronucleated erythrocytes of fish were as follows: area smaller than one third of the main nucleus; no connection with the main nucleus; no refraction and same color and color intensity as in the main nucleus. Erythrocytes were also scored to classify nuclear abnormalities (NAs). Among the most common NAs were bilobed nucleus (BN) and nuclear bud (NB).
Results and discussion
Photocatalyst characterization
The diffraction pattern was indexed as an orthorhombic perovskite ( Fig. 3) (JCPDS 01-077-1798) in agreement with the (unbalanced) chemical reaction:
* NO x ¼ NO; NO 2
The powder presented high crystallinity, which benefits photocatalytic activity since it facilitates the migration of charged particles and disfavors the electron-hole recombination((h BV + )/ (e BC − )) (Zhang et al. 2006; Lee et al. 2012) . The Raman spectrum of SrSnO 3 is shown in Fig. 4 . Five bands related to the typical vibrational modes of perovskite were observed (Lucena et al. 2013; Alves et al. 2013 . A band gap value of 4.06 eV was obtained from Tauc (1966) plot, which agrees with previous reports in the literature (Lee et al. 2012; Sales et al. 2014) . It nearly corresponds to the electronic transition from 2p oxygen orbital to 5 s tin orbital (Fig. 5) (Chen and Ye 2007) . The band gap calculation was performed using Eqs. (2) and (3):
where α is the absorption coefficient of the material; h is Planck's constant (6.626 × 10 −34 J s); ν is the frequency of the incident radiation used in the analysis; A is a constant of proportionality; E g is the energy of the optical band gap; and m is an integer depending on the type of electronic transition of most semiconductors, the value of the m used is ½ due to the fact that the studied electronic transition is direct and allowed. In order to estimate α value for the studied UV-Vis interval, the Kubelka-MunK F (% R) function was used, which converts the percentage of reflectance (% R) into a measure directly proportional to α according to Eq. (3).
The sample presents a single phase, which has regular shapes and a good three-dimensional organization, referring to the crystallinity, as can be observed in Fig. 6a , b, being in agreement with the expected morphology for the material (Sales et al. 2014; Lobo et al. 2015) . The particles were formed in a cubic structure. The surface area (S BET ) was estimated by N 2 adsorption isotherm (S BET ) was 3.28 m 2 g −1 in agreement with reports in the literature (Lobo et al. 2015; Sales et al. 2014; Hadjarab et al. 2007; Hodjati et al. 2000) .
Etoposide degradation
First, a series of experiments varying the catalyst concentration were carried out. Five concentrations of catalyst were evaluated: 0.5, 0.75, 1, 5, and 10 g L −1 . The photodegradation tests were followed by an analysis of total organic carbon (TOC), as presented in Table 1 . The concentration of 1 g L −1 had the best result, with a higher was used; the pH was adjusted only at the beginning before irradiation of UV light. Data in Table 1 indicate that the rate of degradation followed the following order: pH 12 > pH 5 > pH 3. This occurred due to the greater number of free hydroxyl ions that favored the formation of hydroxyl radicals and consequently the mineralization (Boczkaj and Fernandes 2017; Liu et al. 2017) . Favorable effects are expected with addition of H 2 O 2 in photocatalytic processes; such effects are due to the reduction of hydrogen peroxide directly by the electrons of the conduction band or indirectly via superoxide ion radical, generating a radical HO•, as can be observed in Eqs. (4) and (5) (Zeng et al. 2016) .
For solutions with pH > 5, by addition of hydrogen peroxide and UV radiation, there is an increase in the probability of hydroxyl radical generation, but pH < 3.5 favors hydrogen peroxide degradation, with consequent reduction in the efficiency of the process for these systems (Wu et al. 2004) , thus justifying the nonuse of pH 3 combined with H 2 O 2 .
The interpretation of the results indicates that the degradation follows pseudo-first-order kinetics. The kinetic constants are presented in Table 1 . The results indicated that the reaction rate using SrSnO 3 is higher than TiO 2 . The UV/SrSnO 3 /H 2 O 2 process using pH 12 showed a pseudo-second-order kinetics, which indicates the existence of another variable besides the etoposide concentration, directly influencing the photocatalytic reaction process. This variable may be related to the increase in the presence of degradation products, a higher number of hydroxyl radicals, or even the amount of radical that has been generated.
The processes using H 2 O 2 in the absence of UV radiation, photolysis, and UV/H 2 O 2 were studied to evaluate the contribution of each to the photodegradation process (Table 1) . The UV/H 2 O 2 process is more efficient due to the breakdown of H 2 O 2 molecules by UV radiation, which generates a greater amount of HO• radicals (Vogna et al. 2004) . Figure 7 shows the mineralization results of the degradation experiments conducted for each of the processes studied with the same parameters (radiation time, pH 5, 1 g L −1 cata-
The results show that the addition of H 2 O 2 in the presence of SrSnO 3 with absence of light did not improve degradation. The process combined with UV light leads to almost complete degradation of the commercial etoposide solution. At the end of the process, the pH 5 presented a higher mineralization rate when compared to pH 12 (Table 1 ). This small difference between the mineralization rate for pH 12 when compared to pH 5 is probably derived from the dissociation of hydrogen peroxide (HO 2 •) in the alkaline medium, reacting with hydroxyl radicals forming faster than hydrogen peroxide, thus making the process more efficient with higher pH, in solutions (Crittenden et al. 1999) . As can be observed in Fig. 7 , better results were found using SrSnO 3 than with TiO 2 . There was a higher mineralization rate, and this result can be associated to the distortions presented in the structure of SrSnO 3 , which can facilitate the transport of the carriers of loads, favoring the ) by different AOPs, where 1, H 2 O 2 ; 2, SrSnO 3 /H 2 O 2 (absence of light); 3, UV; 4, UV/H 2 O 2 ; 5, SrSnO 3 /H 2 O 2 /UV; 6, TiO 2 /H 2 O 2 /UV formation of hydroxyl radicals, which may confer advantages on their photocatalytic profile (Sales et al. 2014; Yuan, et al. 2007; Peña and Fierro 2001) .
Adsorption tests showed that the drug adsorbed very little on the surface of SrSnO 3 , with a reduction of 0.62% of TOC at the end of 6 h of exposure. So, an indirect mechanism should be seen as mainly responsible for the degradation of the commercial etoposide solution (Sales et al. 2014; Junploy et al. 2013 ). This indirect mechanism favored the generation of •OH, O 2 •, and HO 2 • radicals, formed from the water and oxygen adsorbed on the surface of the photocatalyst.
Studies of SrSnO 3 reuse were performed three times consecutively, with a decrease in catalytic activity of 7.55% at the end of the three processes. At the end of the degradation process, the resulting solution of the etoposide was added to the solution of the metavanadate ion. There was no color change at the end of the 10-h photodegradation, indicating that all the H 2 O 2 initially added was completely consumed during the process.
Some studies have reported the use of SrSnO 3 for photocatalytic separation of water (Zhang et al. 2006; Lee et al. 2012 ) and discoloration of dyes (Sales et al. 2014; Lobo et al. 2015) . To the best of our knowledge, however, this study represents for the first time that SrSnO 3 has been used to degrade antineoplastic agents.
Ecotoxicological tests of etoposide solution and its degradation products
The FET did not show embryotoxicity for the etoposide solution in commercial form since it did not present a mortality rate. Therefore, it was not possible to calculate the LC 50 . Figure 8 shows the results obtained for the two solutions with 75% dilutions; in the others, there were no changes, after exposure of the embryos for 7 days. Although there was no mortality in the solution of the etoposide without treatment, there was a change in fish development, and the frequency of these changes was statistically different from the nonexposed organisms-ANOVA (P ≤ 0.001). Figure 8a shows that after 7 days of exposure to the etoposide solution, there was a significant interference in the development of the embryos when compared to Fig. 8b . The embryos exposed to the drug showed the poor formation of the vertebral column and developmental abnormality of the yolk sac, and both these malformations are associated with the effects of the etoposide.
Because the results of the FET were not conclusive as to the toxicity caused by the initial solution of the drug and the solution treated by heterogeneous photocatalysis, we decided to carry out more thorough tests to measure the damage caused to the DNA in fish exposed to the initial solution as well as degradation products. Figure 9 depicts nuclear abnormalities and cells with micronuclei that were observed in fish erythrocytes exposed to the initial solution. Comparing the micronucleus frequencies between the groups exposed to treated etoposide residues with the control group, the photodegradation process can be seen to have eliminated the genotoxicity of the etoposide. Figure 10a , b shows the results of comet assay in the fish peripheral erythrocytes exposed to the photocatalyzed (etoposide degraded solution) (Fig. 10a ) and the etoposide original solution (Fig. 10b) , clearly showing that degradation process significantly eliminated comet cells. In A there is no DNA damage. In B shows comet cells type 2, 3 and 4. Table 2 shows the results of the micronucleus test and comet assay after exposure to etoposide, the photocatalytic degradation product, and the respective control group.
The micronucleus test is a cytogenetic test that evaluates chromosomal damage in a population exposed to mutagenic agents (Hayashi et al. 1992) . Table 2 shows that micronucleus occurred only for the group exposed to the etoposide commercial solution, and no occurrence was identified for the control group or for the group exposed to the residues of the degraded etoposide.
Etoposide is well-known as a double-strand and singlestrand DNA breaks inducer. This mechanism of action causes cell cycle delay promoting apoptosis and cell death. In an in vitro genotoxicity study, etoposide was exposed to zebrafish liver cells for comet and micronucleus assays. Induction of DNA breaks in the comet assay was more evident than in the micronuclei test (Gajski et al. 2016) .
The comet assay is used to assess primary DNA damage in genotoxic compound identification studies (Tice et al. 2000) . Low levels of damage were observed for both control group and the group exposed to degradation products. Statistical analysis between these two groups, however, did not show significant differences-ANOVA P = 1.000. The greatest damage was observed in the group exposed to the etoposide, demonstrating its genotoxic effects on fish. The results in Table 2 show that after the degradation treatment, both the mutagenic and genotoxic potential of the etoposide had been eliminated.
Conclusion
The synthesis of SrSnO 3 by the combustion method proved to be efficient in obtaining the ceramic powder, which was confirmed by the characterization of the material. Most of the degradation processes, H 2 O 2 , UV, UV/H 2 O 2 , UV/SrSnO 3 , showed low efficiency for etoposide mineralization. The UV/SrSnO 3 /H 2 O 2 process was the most efficient for degradation, reaching almost total mineralization, obtaining a rate of 97.98%, which was 1.35 times more efficient when compared with TiO 2 , and the degradation rate was 3.02 times faster. The results of the zebrafish bioassays showed that the photocatalysis process eliminates the embryotoxic, genotoxic, and mutagenic effects of etoposide. Due to its increased use as an antineoplastic drug, residues of the drug have been found in aquatic environments, making the drug an emerging pollutant with mutagenic risks to aquatic biota. The development of a process to inactivate its mutagenic properties has become important to avoid further impact on aquatic organisms. Finally, we emphasize also that the photocatalysis developed in this study is an environmentally friendly process.
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